Introduction
The bispectral index (BIS) is a widely used method for monitoring the hypnotic component of anesthesia [1] . It has also been tested in detecting brain death [2] . Many artifacts interfere with EEG recording in an operation theater or intensive care unit environment. The main problem of EEG-based monitoring is interference from electromyographic activity. It has been documented to elevate BIS in patients not receiving neuromuscular blocking agents [3, 4] . In brain-dead patients electromyographic activity may be present, leading to elevated BIS values [2] . The EEG signal remains mainly in the bands of 0.5-30 Hz during anesthesia [5] while electromyographic signal of skeletal muscles recorded from the skin has frequency distribution from 0 to over 200 Hz [6] . BIS analyzes EEG signals in a range up to 47 Hz [7] and is therefore prone, at least theoretically, to contamination of electromyographic activity.
The entropy module (entropy) has been validated as another monitor of the hypnotic component of anesthesia [8] . Analysis of the EEG results in two numbers, state entropy (frequency range 0.8-32.0 Hz) and response entropy (frequency range 0.8-47 Hz). Theoretically, state entropy measures EEG activity, and response entropy provides the combined information of EEG and frontal electromyography. Entropy parameters range from 0 (suppression of EEG) to 100 (alert) for response entropy and 0-91 for state entropy. The difference between response and state entropy corresponds to a contribution from the frontal electromyography-dominated high-frequency band [9] .
This study examined the frontotemporal biosignals of brain-dead subjects. We hypothesized that entropy would be more useful than BIS in differentiating EEG and electromyographic activity in this specific patient group. In addition, we wanted to study the sources of EEG signal contamination in brain-dead subjects.
Materials and methods

Study population
After the approval of hospitals ethics committee we conducted a prospective, open, nonselective, observational study on entropy and BIS monitoring in brain-dead organ donors during organ retrieval. Brain death was diagnosed according to Finnish law. Entropy and BIS data from 19 brain-dead organ donors were recorded. Three cases were discarded due to missing data, thus 16 cases were included in the final analyses (eight women, eight men, age 52 ± 13 years, height 172 ± 7 cm, weight 77 ± 4 kg) with a median of 1,500 measurements of state entropy, response entropy, and BIS (range 239-2,586). The cause of brain death was intracerebral and/or subarachnoidal hemorrhage in ten cases, subdural hematoma in three, and cerebral ischemia after hemorrhage in three. Computed tomography of the brain was performed in all cases and cerebral angiography in six cases before brain death was diagnosed. The mean time interval between the diagnosis of brain death and the beginning of the organ harvest operation was 420 ± 167 min.
EEG monitoring and data collection
Entropy and BIS were continuously monitored and automatically recorded once per 5-30 s throughout the surgery. Sensors were placed in the immediate vicinity of each other on the patient's forehead according to manufacturer's instructions. We used the Entropy Sensor (GE Healthcare Finland, Helsinki, Finland) and the BIS-XP Sensor Quatro (Aspect Medical Systems, Newton, Mass., USA). Entropy was collected with an entropy module, and BIS with a BIS module (software version 4.0, Aspect Medical Systems) of the S/5 Compact Monitor (GE Healthcare Finland). The EEG sampling rate was 400 Hz for entropy and 256 Hz for BIS calculation. Impedance values below 7.5 and 10 k Ω for entropy and BIS, respectively, were considered acceptable (manufacturer's recommendations). The EEG signal data were recorded with the S/5 Collect 4.0 program (GE Healthcare Finland). The data were converted to EDF format, readable with the Nervus EEG 3.4 viewer (Taugagreining, Reykjavik, Iceland) to visually inspect the EEG. Visual EEG analysis was performed by a senior clinical neurophysiologist (T.S.). Periods of impedance checking and electrode contact problems were removed from the analysis; the median removed time per case was 5.7% (range 0-17%) of the total recorded time.
Statistics
Recorded entropy and BIS data were not normally distributed (Kolmogorov-Smirnov-test, p < 0.0001) and are expressed as median and range. The demographic data are reported as mean ± standard deviation (SD). Comparisons of paired sample values of state entropy, response entropy, and BIS were performed using Wilcoxon's test. A p value less than 0.05 were considered statistically significant.
Results
State entropy differed from zero in 28% (range 3-99%), response entropy 29% (4-99%), and BIS 68% (16-100%), of the recorded time (median 132 min, 82-309 min). The median state entropy during the organ retrieval was 0.0 (range 0-91), response entropy 0.0 (0-100), and BIS 3.0 (0-98). State entropy, response entropy, and BIS were all significantly different from 0 (p < 0.0001), and response entropy was greater than state entropy, BIS greater than state entropy, and BIS greater than response entropy (all p < 0.0001). In four cases the analysis of time-domain EEG revealed some persistent nonreactive, low-amplitude, rhythmic EEG activity. After excluding these cases the median state entropy was 0.0 (range 0-90), response entropy 0.0 (0-98), and BIS 2.0 (0-96). The index values differed from zero as follows: state entropy 17% (range 3-58%), response entropy 18% (4-59%), and BIS 62% (16-100%) of the recorded time (Fig. 1) . State entropy, response entropy, and BIS were all significantly different from 0 (p < 0.0001), and response entropy greater than state entropy, BIS greater than state entropy, and BIS greater than response entropy (all p < 0.0001). None of the organ donors had zero values of state entropy, response entropy, and BIS continuously throughout the entire time of the recording, and every organ donor without residual EEG had zero values at some stage during the recording.
The highest index values were recorded without muscle relaxation. Initially high BIS values decreased after paralysis. The median decline in BIS after paralysis was 1.0 (0-61; p < 0.05). Entropy indices decreased only slightly: the median ∆ state entropy was 0.0 (0-1) and ∆ response entropy 0.0 (0-2). The defined sources of artifacts were: electrode artifacts (electrocauterization, handling of the patient) in 1316 (81%) recordings, ballistocardiography (small rhythmic movements of the head induced by cardiac contraction and ejection of blood through the vessels) in 7 (44%), electromyography in 6 (38%), 50-Hz artifact in 4 (25%), and electrocardiography (ECG) in 3 (19%).
Discussion
Indices differed significantly from zero in brain-dead organ donors during the organ retrieval. State entropy differed from zero for 28%, response entropy 29%, and BIS 68% of the total recorded time and 17%, 18%, and 62%, respectively, when cases with possible residual EEG activity were excluded. This may indicate better distinction between EEG and electromyography as the original source of the recorded biopotential with entropy monitoring than with BIS monitoring. The entropy index calculation algorithm may also allow better detection and rejection of EEG epochs containing artifacts. In a recent study White et al. [10] reported that the entropy index was affected significantly less by electrocauterization during surgery than BIS values (12% vs. 62%).
After paralysis all index values decreased, BIS significantly more than entropy. It is likely that in cases with low-amplitude EEG signals the electromyographic artifact is more pronounced. Despite the use of BIS-XP electrodes electromyography induced high BIS readings more often than high entropy readings. ECG has a magnitude in the millivolt range whereas EEG is in the range of microvolts. Myles and Cairo [11] reported that an ECG artifact led to apparently "normal" BIS values in a severely brain-injured patient with complete burst suppression in EEG. Among organ donors with absent or weak residual EEG signals the role of the ECG signal as a potential source of artifacts should be emphasized. We also found elevated entropy and BIS values during complete suppression of time-domain EEG. Visual inspection of EEG recording revealed easily detectable QRS complexes of the ECG. In four cases (25%) time-domain EEG showed preserved activity during some parts of the recordings. Previous study reported residual EEG activity in 20% of 56 clinically brain-dead patients that lasted up to 168 h [12] . In our study the time interval between the brain death diagnosis and the beginning of organ retrieval was short (420 min). This short de-lay may explain the relatively high incidence of preserved EEG activity.
The inactive EEG combined with clinical findings is highly reliable in the diagnosis of brain death. In the intensive care unit or operation theater sensitivity to artifacts has limited the use of EEG. If EEG is needed, raw EEG with lowest susceptibility to artifacts is essential. Several measurement locations with a long interelectrode distance, even outside the frontal region, must be used. The amplification and filtering must also be changed during the recording to detect slow EEG waves. The inactive EEG should be permanent. Index values equal to zero in the frontal region can be recorded in brain death if there are no artifacts in EEG. However, this cannot guarantee that there is no EEG activity outside the frontal region. Therefore using the inactive EEG in brain death is a totally different definition than that using index values equal to zero, both theoretically and in practice.
Although entropy may be more resistant to artifacts than BIS in brain-dead subjects, these indices are not diagnostic tools. Diagnosis of brain death is a complex task, and care should be taken when interpreting EEG in this setting. We conclude that due to numerous artifacts EEG and indices based on it are not suitable for brain death diagnosis.
